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SUMMARY 

Computational  methods  for  J"**  These^methods°arr Integrated  Into 

In  fiber  composite  structures  are  composite  mechanics, 

a  computer  code  of  modular  form  The  Is  used  to  computa- 

troialirsSlre'Jrog'r^s^ve  fracture  in  composu^ 

(caUstropNIC  U.Inate 

fracture. 

INTRODUCTION 

Praoictlcn  of  prooressWR  fracture  OF 

to  developing  the  Center^ls  conducting  fundamental  theo- 

and  reliability.  NASA  Lewis  Research  Center  is  co  ^ 

retical  and  experimental  "research  programs  to  theoretical 

cedures  for  determining  -  comooslte  mechanics,  combined  stress  fall- 

studies  include  the  development  of  composite  mecnan. 

SJe  criteria,  criteria  for  "of^ntegraSel  compu^^  codes  for 

dated  fracture  surfaces,  and  ^  ,  fracture  In  fiber  composites.  The 

the  computational  simulation  of  progressive  f^J  time  ultrasonic 

experimental  studies  Include  J®^®^®PJ®J*to^detect^fracture  Initiation,  damage 
C-?can  of  laminates  eveStfoccur.  The  experimental 

liSiros'Stfi'roJ^uOeTeJe.op^ot  of -thoBc  for  post^^^ 

:srcS;;:H;;;rsncroc;i?:;  i;Err.ir?rir.:ce=™Nei. 

The  theoretical  atudlec  pre.Ioucl,  -f 'furl?  JlJtrr’oreRrU,. 
computational  methods  portion  of  the  computational  methods 

durability  and  damage  tolerance) .A  major  porxion^^^  fracture  In 

development  Includes  the  *™r  ?h1s  dmulatlon  Is  described 

composites  which  Is  the  subject  of  this  paper,  ^.nis^^^^ 

In  terms  of  (1)  the  scales  (2)  an  Integrated  computer  code  to 

rerfrrsI-UU°““-5  »Pp“«tUh‘^oJ  the  co.l  to  predict  propreslWe 
laminate  fracture. 

"DT)^ 

fundamental  CONSIDERATIDNS  /  >" 

■  Progressive  fracture  In  fiber  ®P^?°*'Q®*^„lf®ple"events*^tr1ggered  by^the 
process.  This  process  Is  an  accumulation  ^  ^  g^n,. 

?:t,rrrrdrtrp5«-t  s^erSnt  tcie,  (i..eu,  m 


^"‘7  r 


iSiiiSSii=iS 

example,  nodes  connecting  a  finite  element)  and.  (6)  global  scale  (the 
tural  component). 

;5r5:^ar„it;o: !urai:ren i; 

^s:;„T?r5en[rr.  ri»r. 

are  collectively  called  laminate  or  ccmposite  damage. 

Cowulattoral  slaallattoa  of  S?'l‘knoilo39r’‘ 

orjr|«sJva  fract. 

?SStat1oMl'??mu™1o!l'p?“santirpJrfoPP  l-P-';  l5o5?”tat1c*5?o«ss°  “S'* 

iS“  rh7s;n;rs!eU“;sj:7'f7i7e“s'Shr:rsse'57;?s!iu  e  moiL  ^ 

SSSoS,  tSnSlon  or  compression  ‘/f"?* ItSSjSSn"  5rS'or?«pon3  o  J  S'aod 

is;s^/;ss3i,?ss'7e'3sst:3*s;?:s  sssiu 's  fro^Sh 

biss  *rt3S ”7is;3rSr,i  'e33?Js*"s'oiSo3;trsi'c'r"pS‘e:s 

SS'ugSStS!  ?S  JaSt.  JSe  e;eS;S  occurSlS,  at  the  sub-micro  and  micro  scales. 


COMPUTATIONAL  SIMULATION  USING  COOSTRAN 

last  ;r,33Ss*ss:'e’::LS3t37?snsr3e7e3sss:s;  :f 

};Slil’,’i.vS“.‘r1rS«uu"3:ir;.mSuS“7ifT-orro»1v^  fracture  m 
fiber  composites. 

COOSTRAN  Is  a  modular  program  (fig.  1)  that  *^9®^  JUJJ^JiJ^jJJuctural^com-^ 
of’SSbsSS'SS  ^Sd  ”3Sl  So'gmJSSaSSllt,  of  com- 
S37tSs'wnS  SSJ  i?JSSu?  drf3ftrde;Sn.thtr,g  structural  responses  due  to 
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failure  and  fracture.  The  other'nodules ;  (2)  the  I/o'” 

SS’l'e!  Jir^hrcSlio^urhechanlci  hodule;  and 

(5)  the  Fracture  Mechanics  module* 

The  Analysis  module  1s  ^Je^element^model  of^the^structural 

near-fleld  and  HlJhlJlcs^raodule  (HFCA)  (-ef.  3)  gen- 

component  or  specimen.  The (composite  ralcrorae- 
erates  laminate  properties  from  delamlnatlon  criteria  to 

chanics)  and  uses  ^"^raply  failure  and  Inter 1 ami n^  Fracture  Hechanics  module 

check  ply  and  Interply  fracture  and  laminate  fracture.  The 

ioduled'Slftrtlin  energy  f  ‘’“umfnlu  l^ve ftal^ uJ^ 

?rSa!:d’SrcoJ:e5?f  J"e«r?JSd’:r;a5e?e  L  ani  h.'  It  Is  assu.ad  tn  occur 
When  all  the  plies  In  the  laminate  have  failed. 

TO  computationally  't!;o'n!;ti.'SfeJ,eJ!  "  t^r 

ative  procedure  whereby  a  load  Is  appiie  -fructure  to  the  load  can  be  no 
structure  being  modeled.  j!j®  gien,ent(s)  (local  fracture).  Based  upon 

damage,  damage,  or  destruction  of  an  ®J[®  '  follows*  (1)  If  no  damage  Is 

thls%4sponso.  tho  load  Incremont  '*  InJroment;  (2)  If 

predicted,  the  load  Is  updated  by  some  predetermine  fracture),  the  same 

elements  are  damaged  or  ‘‘®stroyed  (de  ?  ^^es  assigned  to  the  damaged 
load  is  re-applied  with  reduced  n«ter1al  P"°P^®"J;®L;*t;%iement  mesh,  ef fee- 
elements.  Destroyed  ^oad^ls^maintalned  until  equilibrium 

tively  defining  ProQcessIve  fracture.  T  defined  as  the  point  where  the 

in  thlstructure  Is  ach^f^'l-JJJiy^jnoJuterSIterUl  properties,  can 
structure,  with  Its  occurrence  of  further  daroage.  This  Iter- 

sustaln  the  applied  load  increments  until  global  fracture  of 

?Se”t?urt'u?rocJ'urs°  ™s  lUratlyu  procoduro  Is  depleted  schematlcaU,  In 
figure  2. 


PROGRESSIVE  FRACTURE  -  TYPICAL  RESULTS 
COOSTBAJ  has  ceXrnitch’depllted*!chKl“ririn“laul!e  3 

'("re?  »h‘«  ?S  ?”/?S5*/S/-55'/5l3s  “«■ 

i^oxi  iiirlx  (T300/E).  The  '“'"“‘'X  l"^? “amliltir^Je  ^oaSeS’U  frac- 
t“?*lS  «?al"ieSl?on  1"h'e  ?inlte  el  Jnt  model  used  In  the  simulation  Is 
shown  In  figure  4. 

pro, resslve  damage  -J '-‘eSlsTSl'rleSa?:"??  ?li?  ?rtS'rr?ol;."????t 

rf  y  3  -  lS;-,,rjrntTrhe"?"rrfe 

Iteration  caused  'J' e??m;l?s  to  th".  right  of  the 
?;aJ?l?"?n5La??S,  ??mll??? IlShal  fracture  with  some  bending  as  shown  In  the 
last  schematic  In  figure  5. 
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COOSTRAN  has  also  been  used  to  study  the  damage  growth  and  progressive 
fracture  of  laminates  without  defects,  with  center  slits  and  with  center  holes 
(refs.  7  and  8).  Progressive  fracture  results  from  this  study  are  summarized 
In  figure  6  at  zero  load  and  at  fracture  load,  first  Iteration.  As  can  be  seen 
the  progressive  fracture  Is  about  the  same  for  the  laminates  with  the  slit  and 
with  the  hole.  It  Is  Interesting  to  note  that  progressive  fracture  Initiated 
at  the  center  of  the  laminate  without  defects  and  advanced  In  generally  similar 
directions  as  that  In  the  laminates  with  the  defects. 

COOSTRAN  keeps  records  of  all  the  modes  that  Initiate  fracture  at  the 
macroscale  (ply  and  Interpjy)  levels.  A  typical  output  of  these  records  Is 
summarized  In  Table  I  for  the  laminates  shown  In  figure  6  and  for  different 
laminate  configurations  [te^].  These  results  provide  considerable  details 
with  respect  to  weak  modes  In  the  laminate  and  with  respect  to  Its  structural 
Integrity  and/or  damage  tolerance.  In  addition  to  records  of  fracture  modes, 
COOSTRAN  keeps  records  of  plies  destroyed,  elements  destroyed  and  nodes  which 
do  not  connect  elements.  All  this  Information  Is  necessary  to  track  the  damage 
(defect  growth  and  progressive  fracture)  at  the  various  scales  within  which  It 
occurs. 

In  order  to  assess  the  fracture  toughness  and  service  life  of  the  laminate, 
COOSTRAN  continued  to  track  the  crack  or  defect  opening  In  either  the  local 
scale  (between  two  adjacent  nodes)  or  global  (overall  displacements)  scale. 
Typical  results  for  local  crack  opening  displacement  In  laminates  with  center 
slits  are  shown  In  figure  7  for  two  laminate  configurations.  The  results  for 
the  [i45]j  laminate  show  unbounded  crack  opening  displacement  for  the  same 
load  and,  therefore.  Imminent  global  (catastrophic)  fracture  once  progressive 
fracture  began.  The  results  for  the  [0]4  laminate  showed  several  Increases 
In  load  were  required  prior  to  Imminent  global  (catastrophic)  failure. 


CONCLUSIONS  I 

/ 

Progressive  fracture  In  fiber  composites  can  be  computationally  simulated 
using  an  Integrated  computer  code  such  as  COOSTRAN.  The  computational  simu¬ 
lation  tracks  failure  Initiation,  defect  growth  and  damage,  at  the  various 
scales  In  which  these  events  occur.  The  computational  simulation  of  pro¬ 
gressive  fracture  provides  extensive  detailed  Information  which  can  be  used  to 
detect  failure  Initiation  modes,  damage  growth  (magnitude  and  direction),  pro¬ 
gressive  fracture  direction,  and  Imminent  global  fracture.  All  this  Infor¬ 
mation  makes  It  possible  to  computationally  assess  the  structural  Integrity, 
damage  tolerance  and  service  life  of  fiber  composite  structures. 
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TABLE  I.  - 


FRACTURE  HOOE^  OF  [±e]s  6/E  LAMINATES 
{PREDICTED  BY  CODSTRAN) 


®LT  a  LongHudinal  tension 

progressive  fracture 

2)  Minimal  Intraply  shearing 
during  fracture 

3)  Some  Intraply  shear  occurring 
near  constraints  (grips) 

I  m  Interply  delatninatlon 
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